We report experimental results for electron scattering from tetrafluoroethylene, C 2 F 4 , obtained from measurements in two laboratories. An extensive set of differential, integral, and momentum transfer cross sections is provided for elastic scattering for incident electron energies from 1 to 100 eV and inelastic ͑vibrational excitation͒ scattering for incident electron energies at 3, 6, 7.5, 8, and 15 eV, and for scattering angles ranging from 10°to 130°. To highlight the role of intermediate negative ions ͑resonances͒ in the scattering process we have also measured excitation functions for elastic scattering and vibrational excitation of the ground electronic state of C 2 F 4 for incident energies between 1.5 and 20 eV. Our results are compared with recent theoretical calculations and a limited number of other experimental results.
I. INTRODUCTION
Electron collisions with small hydrocarbon molecules like ethylene, for example, and the effect that fluorination has on their electron scattering cross sections, has attracted the attention of both theoreticians and experimentalists for some time. [1] [2] [3] [4] [5] [6] There has been considerable spectroscopic research [7] [8] [9] [10] and theoretical studies of both ethylene and tetrafluoroethylene up until the 1970s, and the latter molecule has come more into focus recently, due to its important role in low-temperature plasma processing technology. Chemical vapor deposition or etching of doped or undoped siliconbased dielectric layers in the process of semiconductor production is performed with the use of low-temperature plasmas. Fluorocarbons, such as cycloperfluorobutane (c-C 4 F 8 ) and tetrafluoroethylene (C 2 F 4 ) are widely used as precursors for the formation of multilayer connections with low dielectric constants. C 2 F 4 is produced either by thermal decomposition of c-C 4 F 8 , or as a product of the electron or photon interaction with cycloperfluorobutane. Understanding the reaction chemistry of these molecules is crucial for achieving production efficiency and stability of the etched surfaces, but it is equally important when addressing environmental issues since they both present a potential threat to the atmosphere ͑''green-house'' gases͒. For example, there is an indication ͑Olthoff and Christophorou 11 ͒ that the atmospheric lifetime of these pollutants may have been overestimated as lowenergy electron-molecule collisions taking place in the upper layers of the Earth's atmosphere have not been considered.
In order to explain the complex collision processes in such low-temperature plasmas, molecular lasers, planetary atmospheres, explosions, etc., a knowledge of absolute differential ͑DCS͒, momentum transfer ͑MTCS͒, and integral cross sections ͑ICS͒ is essential. The formation of molecular negative ion resonances is also particularly interesting in the range of energies spanning from a few hundred meV to a few tens of eV as it is well known that these transient negative ion states can substantially enhance electron scattering cross sections. Their decay can also result in the electron-molecule complex entering channels leading to excitation or fragmentation, producing other active species as a consequence. Being of the same symmetry as C 2 H 4 (D 2h ), one might expect C 2 F 4 to exhibit similar resonant behavior at energies below 10 eV. Therefore, there is a special interest in a detailed analysis of excitation functions ͑EF͒ for elastic scattering and vibrational excitation in this energy range.
There have been just a few experimental 1,2,6 and theoretical [3] [4] [5] studies regarding electron impact cross sections of tetrafluoroethylene. Coggiola et al. 1 reported the only experimental results where DCS were measured for elastic and inelastic electron scattering using a standard crossed-beam technique. Their measurements were relative and were normalized to an arbitrary value of 1ϫ10 Ϫ16 cm 2 /s, at both of their incident energies ͑25 and 40 eV͒ at a scattering angle of 40°. Also, their experiment was limited to measurements at angles from 0°to 80°. They examined the effect that a substitution of one or more of the hydrogen atoms in ethylene by fluorine atoms has on the electron scattering interaction. In previous optical studies, Bélanger and Sandorfy 10 revealed that all molecules in the series In their electron scattering experiment Coggiola et al. looked not only at the singlet but also at the triplet state, 1 3 B 1u , and observed a peak in the energy-loss spectrum at 4.68 eV, just slightly shifted compared to other molecules in the series. This suggested that a significant change of configuration is taking place in tetrafluoroethylene, which is different to that observed in the other fluorinated hydrocarbons. This was discussed in detail by Chiu, Burrow, and Jordan 2 who performed an electron transmission experiment on the same group of molecules. They focused on investigating temporary negative molecular ions ͑molecular resonances͒ and found that increased fluorination is effectively destabilizing the * negative ion orbital. Their explanation was based on the assumption that the considerable shortening of the C-C bond stabilizes the bonding orbital and destabilizes the antibonding, while the same effect in the C-F bond destabilizes both and *. This has led to a conclusion that the orbital is almost unchanged while * is considerably destabilized compared to that in ethylene. As a consequence, the ionization potential of the orbital in C 2 F 4 is almost the same as in ethylene, but the electron affinity is much higher. This is in accordance with their observation for the energy of the * resonance at 1.8 eV in ethylene, whilst it is found at 3 eV in C 2 F 4 .
2 The other investigation where cross sections and resonances have been studied is the combined analysis of electron transport data and ab initio theoretical calculations by Yoshida et al. 12 They computed elastic momentum transfer cross sections as well as cross sections for electronic excitation and used these, together with model vibrational excitation cross sections, to obtain an optimum cross section set by fitting to the transport data using a Boltzmann equation approach. The theoretical cross sections used in this set were calculated using the Schwinger variational technique and the method used has been reported separately. 4 Up until the present, the set of cross sections for electron impact on C 2 F 4 provided by Yoshida et al. 12 was the main source of information for researchers investigating the chemistry of C 2 F 4 plasma discharges. Recently there has been another set of calculations for elastic scattering from C 2 F 4 by Trevisan, Orel, and Rescigno, 5 who used the complex Kohn variational technique. In a following section we will compare the results of both of these theoretical approaches to the present cross section data, and indicate where there are some significant differences as well as some significant successes.
At the grand total cross section level there is a theoretical calculation from 30 to 3000 eV by Jiang, Sun, and Wan eV. These are a very useful reference for the magnitude of the overall electron-C 2 F 4 scattering process.
The The main objective of our experimental studies was to provide a complete set of differential, integral, and momentum transfer cross sections for elastic electron scattering and the vibrational excitation of the ground electronic state of tetrafluoroethylene. We have measured absolute elastic differential cross sections for electron scattering from C 2 F 4 at a number of energies between 1.5 and 100 eV and at scattering angles from 20°to 130°. We also calculated ICS and MTCS by extrapolating the DCS to 0°and 180°and integrating the resultant cross section. This was assisted by the use of a molecular phase shift analysis technique, applied previously to our measurements on ethylene ͑Panajotovic et al. 13 ͒, which removes some of the subjectivity from the extrapolation process.
II. EXPERIMENTAL APPARATUS AND TECHNIQUES
This work was carried out as a collaboration between three laboratories, with the experimental work being performed in two of them-the Australian National University ͑ANU͒ and Sophia University ͑SU͒. A detailed description of the apparatus used in both laboratories has been given in a previous publication, 14 so we will only briefly discuss the relevant aspects here.
Both the ANU and SU measurements are performed on traditional crossed-beam spectrometers consisting of an electron monochromator and an analyzer, which collects electrons, scattered at different angles after the collision with the molecular target. In both, the energy selectors are hemispherical electrostatic elements. The overall energy resolution of the spectrometer was ϳ50 meV at ANU and 25-30 meV at SU. The absolute value of the incident energy was determined through calibration against the well-known positions of the quasivibrational structures of the N 2 negative ion ͑low energies͒, 15 or against the 1s2s 2 2 S resonance in He for energies above 10 eV. 16 In order to put measured scattering intensities on an absolute scale, we used the relative flow technique, described also in detail elsewhere. 14 The basic requirement of this method is that identical scattering conditions are provided for both the target and the standard gas ͑helium͒, so that the scattering signal from the target can be compared with that of the standard gas for which there is an accurate set of differential cross sections established by Nesbet, 17 Boesten and Tanaka, 18 and theoretical closecoupling calculations ͑Fursa and Bray
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͒. There are slight differences in the operation of the experiment at ANU and Sophia. At the ANU the target beam was flowing through a 1 mm wide and 18 mm long capillary tube, while at Sophia the capillary was thinner and shorter. Typical driving pressures used at ANU were 0.15 Torr (C 2 F 4 ) and 1 Torr ͑He͒ while at SU the pressures were in the same proportion but approximately five times higher. The mean free path for tetrafluoroethylene was assumed to be similar to that of ethylene, 13 as there is no reliable data for the hard-sphere diameter of C 2 F 4 available in the literature. While this imposes some uncertainty on the correct pressure ratio for use in the experiments, measurements of the elastic cross section as a function of this ratio in a small range about the calculated value (C 2 F 4 /He ϳ6) indicate that this is not a significant issue.
Both spectrometers can be operated in two modes: in one, the angular dependence of the scattered signal is measured at a fixed impact energy and energy loss, while in the other, energy loss and scattering angle are fixed and the incident energy is varied. In the first mode absolute angular DCS are obtained while in the second, absolute excitation functions for either elastic scattering or vibrational excitation are measured. The absolute uncertainties varied with both angle and scattering process but they were generally below ϳ15% for elastic scattering and ϳ20% for vibrational excitation. The corresponding integral and momentum transfer cross sections have estimated uncertainties of ϳ25%.
III. RESULTS AND DISCUSSION

A. Elastic scattering
Absolute differential cross sections for elastic electron scattering from C 2 F 4 are presented in Table I , while in Figs. 1 and 2 we make comparisons between the present results and the theoretical calculations, as well as with the measurements of Coggiola et al. 1 at one of the two energies where that is possible. In general the level of agreement between the ANU and SU cross sections is very good at all energies where they overlap. There are some differences, however, and these are discussed below.
In Figs. 1͑a͒-1͑d͒ we see that the angular dependence of the cross section changes quite rapidly for energies between 1.5 and 5 eV. At low energies there is a shallow minimum at about 40°and the DCS is almost flat at larger angles. However, by 5 eV this forward-angle minimum has disappeared to reveal a DCS which is forward peaked and has a minimum developing at about 100°. Between 5 and 20 eV ͓Figs. 2͑a͒-2͑d͔͒, the DCS does not change much in shape, but its magnitude at forward angles grows considerably. The only other experimental measurements with which comparison can be made are those of Coggiola et al. This has been done by normalizing their 25 eV data to the ANU cross section at an incident electron energy of 20 eV and at a scattering angle of 60°. The result is shown in Fig. 2͑d͒ and the agreement with both the ANU and SU data is excellent.
We also compare, throughout Figs. 1 and 2, with calculated cross sections from both of the theoretical approaches, and the result is quite mixed. At energies below about 5 eV, the level of discrepancy between the experiments and both calculations is significant. This is particularly true for the Schwinger calculation which, for example, overestimates the DCS by about an order of magnitude at forward angles and an energy of 1.5 eV. As the energy increases ͑e.g., 2 and 3 eV͒ there is improved agreement between experiment and theory, particularly at backward angles and particularly with the Kohn calculation. At 5 eV the agreement in magnitude with the Kohn calculation is good, although there are some differences in the shape of the DCS at midangles. The Schwinger calculation is still larger in magnitude than the experiment but the agreement is significantly better than at lower energies. At energies above 10 eV the agreement between experiment and theory is generally very good.
The disagreement between experiment and theory for the elastic DCS at low energies and small scattering angles seems to be a long-standing problem, not only with this molecule, but also with low-energy ͑Ͻ5 eV͒ electron scattering measurements from many other molecules (C 2 H 4 , 13 It is also apparent from Figs. 1 and 2 that there are some significant differences ͑outside combined error bars͒ between the present measurements from our two laboratories, particularly at low energies ͑e.g., 3 and 5 eV͒ and small scattering angles, and at 8 eV and larger scattering angles. While the source of these discrepancies is not presently understood, they are the exception rather than the norm and do not have a significant bearing on the conclusions that we draw here, particularly with regard to the comparison with theory.
The discrepancies that are evident between experiment and theory for the DCS are also reflected in the comparison of the calculated ICS and MTCS and the values derived from the present DCS measurements, which are presented in Figs. 3͑a͒ and 3͑b͒, respectively. Both the present results and the recent total cross section measurements of Szmytkowski, Kwitnewski, and Ptasinska-Denga 6 indicate that the elastic integral cross section of Winstead and McKoy is too high at energies below 10 eV. On the other hand, the calculation of Trevisan, Orel, and Rescigno provides an excellent overall description of the ICS. The measured momentum transfer cross sections ͓Fig. 3͑b͔͒ agree relatively well with both calculations between 5 and 20 eV, reflecting the better level of agreement between experiment and theory at the DCS level at backward angles in this energy range. However, once again the Schwinger calculation cross section greatly overestimates the cross section at low and high energies, while the Kohn technique provides a reasonable description of the cross section magnitude at all energies.
The calculated integral cross sections for elastic electron scattering ͑Winstead and McKoy, 4 Trevisan, Orel, and 2 It corresponds to the well-known * shape resonance found in ethylene at 1.8 eV. As discussed by Winstead and McKoy ͑and references therein͒ the difference in the energy of this resonance in C 2 F 4 may be due to the nonplanar structure of the C 2 F 4 Ϫ ion-a lowest-energy orientation ͑chair͒ structure of C 2h symmetry, with pairs of fluorine atoms attached to carbon atoms being bent upwards and downwards with respect to the CvC bond plane. A normal mode we measured the energy dependence ͑excitation functions, or EF͒ of the elastic cross section at three scattering angles 60°, 90°, and 120°, and these are shown in Fig. 4 , together with the ANU and SU DCS data at several fixed incident energies.
The agreement between the EF data and DCS data is within error bars, as well as the agreement between the ANU and SU DCS data ͑as has been shown in Figs. 1 and 2͒ . The excitation functions are relatively featureless but indicate weak features at ϳ3.5, 5, and 10-14 eV. These may well be associated with the 2 B 2u ͑window-and-peak͒ and 2 B 1u ͑pure ''window''͒ resonances. 4 Interestingly, there is little sign of the * structure at 3 eV in these elastic excitation functions, which suggests that the 2 B 2g resonance does not influence the elastic cross section at all. This is in contrast to the situ- ation in C 2 H 4 where the resonance has been shown to strongly influence the elastic cross section ͑Panajotovic et al. 13 ͒. The origin of a broad structure between 10 and 14 eV, seen in both the 60°and 90°spectra, is unknown, but it may be associated with one or more of the higher energy resonances predicted in both calculations.
B. Vibrational excitation
Tetrafluoroethylene has 12 fundamental vibrational modes. The symmetry of the vibrational states of the ground electronic state, the type of deformation associated with certain modes, and the frequencies of these modes are listed in Table II . [7] [8] [9] It is clear that many of these modes overlap and that they could not be resolved with either of our spectrometers. An example of what has been observed with the higher resolution Sophia spectrometer is presented in Fig. 5 where we show an energy-loss spectrum for an incident electron energy of 3 eV, corresponding to the energy of the * resonance. This shows that those fundamental modes with an excitation energy of less than ϳ50 meV cannot be resolved from the elastic peak and that the rest of the modes, and possible overtones, produce two broad peaks at ϳ120 and 230 meV. Although we do not show it explicitly, it is interesting to note that the peak in the 3 eV spectrum at ϳ120 meV apparently ''shifts'' to a higher energy loss, in similar energy-loss spectra recorded at 7.5 eV with both spectrometers. In the latter case the lowest energy-loss peak occurs at ϳ160 meV and most likely corresponds to excitation of the 5 and 10 vibrational modes. As can be seen from Table II there are no fundamental vibrations at this lower energy-loss value ͑120 meV͒ and we suspect that this peak is a combination of overtones, possibly of the ''rocking'' and ''wagging'' ͑Table II͒ vibrations. For instance one possibility is that at 3 eV the resonance decay may lead to excitations such as 2 8 , which would result in a feature at 126 meV. We also cannot rule out the possibility that this peak may be due to scattering from vibrationally excited molecules that are thermally excited in the molecular beam. For example, the energy loss of 0.12 eV matches closely the transition from 4 to 11 or 10 to 11 within the present resolution. Initial Maxwell-Boltzmann populations for vibrationally excited states of C 2 F 4 at 323 K are shown in Table III and one can see that a relatively large population of the 4 and 10 states is expected, and this could contribute to the present energy-loss spectra shown in Fig. 5 . Off-plane nuclear motion of the 4 excitation may lead to a resonant enhancement of the 4 → 11 excitation via the nonplanar structure of the 2 B 2g shape resonance at around 3 eV. Finally, we note that the energy-loss peak at 0.12 eV is seen in both experiments but is significantly more prominent in the SU spectra and may be due to the fact that the beam temperature in the SU apparatus is ϳ50°C, while in the ANU spectrometer it is ϳ22°C. However, this possibility does not explain why the 0.12 eV peak is only observed in the energy region of the * resonance. Its appearance may therefore be due to a combination of effects involving both vibrationally excited target molecules and/or a preference for the decay of the resonance to a combination mode of vibrationally excited states.
Differential cross sections for vibrational excitation of C 2 F 4 are given in Table IV and shown in Fig. 6 . The absolute uncertainties are higher than in the case of the elastic DCS, mainly due to lower statistical accuracy. For an incident elec- 2 /sr. Note that the energy loss is 0.12 eV for an energy of 3 eV, and 0.16 eV for all other energies. The ANU measurements are labeled ͑A͒ and Sophia University measurements ͑S͒. The absolute uncertainty for the ANU measurements is given in parenthesis ͑%͒ and for Sophia measurements it is Ϯ15%. tron energy of 3 eV, both the ANU and the SU DCS are measured for an energy loss of 120 meV. As these measurements involve determining the ratio of vibrational to elastic scattering in order to obtain the absolute scattering cross section, a large part of this difference results from the differences observed in the elastic scattering measurements at this energy and these angles. Another possible explanation for this discrepancy could be the different initial vibrational populations in the target beams, as we have already mentioned. For incident energies of 7.5 and 15 eV, and for an energy loss of 0.16 eV, the DCS has been measured at ANU, while at energies of 6 and 8 eV, measurements have been performed at SU at four scattering angles ͑30°, 60°, 90°, and 120°͒. By deconvoluting the higher resolution SU spectra it was found that the largest contribution to the 0.16 eV energyloss peak comes from the excitation of the 5 , 10 , and 11 modes ͑Table II͒. The most dominant contribution is most likely coming from the 5 (B 1g ) and 10 (B 2u ) ''stretching'' modes since they are strongly ͑Raman and infrared, respectively͒ active in the optical spectrum. Due to the small energy difference between these modes, we were not able to resolve them in the experiment. Therefore, the cross sections at 6 and 8 eV, in Table IV and Fig. 6 , represent the sum of all three vibrational excitations. Comparison between the 6, 7.5, and 8 eV DCS shows very little difference between them, which is not surprising, given the broad width of the resonance at this energy ͑see, for example, Fig. 7͒ . Also, the DCS is larger at lower energies, being almost an order of magnitude larger at 3 eV than at 15 eV, and while it is smaller in magnitude at 6, 7.5, and 8 eV, it is still considerably larger than at 15 eV. This, amongst other possible mechanisms, is clearly a consequence of the resonant enhancement of the scattering cross section at 3 eV and ϳ7.5 eV. We assume that the A g ( 1 ) mode-stretching of the CvC double bond-is dominant in the second broad peak at 230 meV energy loss. However, no further measurements have been done at this energy-loss value due to the low signal intensity.
In order to make a comparison with the integral vibra- tional excitation cross sections derived by Yoshida et al. 12 from their electron swarm analysis, we have used our absolute vibrational EFs and absolute vibrational DCS measurements to estimate an integral vibrational cross section for an energy-loss value of 0.16 eV. This ICS was obtained by simply averaging the measured EFs at 60°, 90°, and 120°, and then scaling the resultant average by 4-based on the observation that the EFs differed very little across this angular range and the measured vibrational DCS ͑see Fig. 6͒ show only weak angular dependence. We stress that this is only an estimated vibrational ICS, but it does enable us to make some interesting comparisons with the recommended cross section of Yoshida et al. In Fig. 7 we show the present vibrational ICS together with that from the Yoshida et al. model. The present integral cross section clearly shows strong resonant enhancement at 3 eV where a broad ͑ϳ1.5 eV wide͒ and prominent peak ͑the * resonance͒ dominates the cross section. Note that this resonance does not manifest strongly in the elastic excitation function. Another, broader resonance follows in the region from 6 to 9 eV and then, a much smaller and very broad resonance is observed between 13 and 18 eV. As we have already mentioned, this is very much in contrast to ethylene ͑Panajotovic et al. 13 ͒, where the * resonance contributes significantly to both the elastic and vibrational excitation cross sections. It is also clear that a comparison with the ICS of Yoshida et al. reveals significant differences. As we have discussed previously, the Yoshida et al. cross section is obtained from an analysis of electron swarm measurements. This is achieved by postulating a set of cross sections and manipulating their energy dependencies and magnitudes in such a way that transport coefficients, obtained from solving the Boltzmann equation with this cross section set, match values measured in the experiment. To estimate the contribution from vibrational excitation in their model, Yoshida et al. considered cross sections for two vibrational ''modes,'' at 0.16 and 0.23 eV, and assumed that the energy dependence of the cross sections could be approximated by using the Born-dipole approach, with a cross section maxima at ϳ1 eV in each case. This cross section form is then scaled to give best agreement with the transport data, and the scaling factor, which should be applied to their cross section as shown in Fig. 7 is 11 .7. The most striking difference between the model cross section and the measured ICS is the shape. It is also apparent that, after scaling, the model cross section probably significantly overestimates the extent of vibrational excitation and clearly provides the wrong energy dependence. It would be interesting to see the effect that the use of the present cross sections have on the swarm analysis for C 2 F 4 or indeed in the modeling of C 2 F 4 ; and C 4 F 8 gas discharges.
IV. CONCLUSIONS
In order to provide a complete set of electron scattering cross sections for C 2 F 4 , and a deeper insight into the dynamics and coupling between negative ion resonances and the ground and vibrational modes of the neutral tetrafluoroethylene molecule, we have measured absolute differential cross sections for elastic scattering at energies spanning from 1.5 to 100 eV and excitation functions from 1.5 to 20 eV incident electron energies. At energies above 5 eV the measured cross sections are well reproduced by theory, both the Schwinger variational approach and the complex Kohn technique. At energies below 5 eV, there are discrepancies between experiment and both theoretical approaches, the most significant being the Schwinger calculation. This is no doubt due to the lack of inclusion of polarization effects in this calculation.
For vibrational excitation, we have measured both absolute excitation functions and absolute DCS at three energies where the excitation functions clearly indicate the presence of resonances. We have shown that there is a difference between ethylene and tetrafluoroethylene regarding the role that the resonances play in the elastic scattering cross section, in spite of the expectations that one might naively hold based on the similar symmetry of the two molecules. The present elastic scattering measurements show very little influence of the * resonance at 3 eV, unlike in the case of ethylene. This resonance does show up strongly in the complex Kohn calculation however, but this may be a consequence of the fact that this calculation was carried out at a single molecular geometry, and it may well get washed out if nuclear geometry effects are fully accounted for. 22 Furthermore, it is interesting to compare the role of the * resonance in the present measurements with that shown in the electron transmission ͑ETS͒ experiment of Chiu, Burrow, and Jordan. 2 This latter measurement is proportional to the derivative of the total cross section and the present EF results ͑admittedly only taken at selected scattering angles͒ lead one to conclude that elastic scattering must play a small part in the presence of this resonance in the ETS measurements.
There also remain several open questions regarding the exact interpretation of the 0.12 eV energy-loss peak which is seen in the energy-loss spectrum at 3 eV incident energy, and the origin of several resonance structures observed in both elastic and vibrational excitation functions. We hope that the present results, together with the new theoretical work, provide an improvement to the set of scattering cross sections for this molecule that are used in fluorocarbon discharge modeling.
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